We found six bacteria capable of producing antifreeze protein (AFP) from Ross Island, Antarctica. Among these AFP-producing bacteria, strain No. 82 had the highest antifreeze activity and was identiˆed as Moraxella sp. The optimum temperature and pH for the production of AFP were 59 C and 7.0, respectively. After partially purifying the AFP from the culture supernatant using 60% saturation of ammonium sulfate, only the 52-kDa protein band (100 mg W ml) which eluted from SDS-PAGE indicated antifreeze activity by the formation of hexagonal crystals. Furthermore, we conˆrmed that this AFP was a lipoprotein by the lipid stain test and treatment with some enzymes and that it had no icenucleating activity. Also, the N-terminal amino acid sequence of this AFP had high similarity with that of outer membrane proteins from Moraxella (Branhamella) catarrhalis. This is theˆrst report of AFP-producing bacteria in Antarctica and an antifreeze lipoprotein (AFLP) from Moraxella sp.
We found six bacteria capable of producing antifreeze protein (AFP) from Ross Island, Antarctica. Among these AFP-producing bacteria, strain No. 82 had the highest antifreeze activity and was identiˆed as Moraxella sp. The optimum temperature and pH for the production of AFP were 59 C and 7.0, respectively. After partially purifying the AFP from the culture supernatant using 60% saturation of ammonium sulfate, only the 52-kDa protein band (100 mg W ml) which eluted from SDS-PAGE indicated antifreeze activity by the formation of hexagonal crystals. Furthermore, we conˆrmed that this AFP was a lipoprotein by the lipid stain test and treatment with some enzymes and that it had no icenucleating activity. Also, the N-terminal amino acid sequence of this AFP had high similarity with that of outer membrane proteins from Moraxella (Branhamella) catarrhalis. This is theˆrst report of AFP-producing bacteria in Antarctica and an antifreeze lipoprotein (AFLP) from Moraxella sp.
Key words: antifreeze protein; Antarctica; Moraxella About 80z of the biosphere on the earth's surface is 159 C or colder. To survive under such cold conditions, some bacteria have a variety of developed strategies, such as the maintenance of their membrane ‰uidity and constant metabolic activity. [1] [2] [3] [4] Also, it has been suggested that trehalose, glycerol, sorbitol are major cryoprotectants for prokaryortic cells exposed to freezing damage and survive to maintain some enzyme activities in vivo. 5, 6) However, a surprisingly limited amount of information exists on the cryoprotectant responsible for the cryotolerant mechanism of bacteria. Obata et al. has reported that one strain of ice-nucleating bacteria with a high level of cryotolerance had an ice-nucleating activity on the surface of cells and could producing a cryoprotective protein upon a cold temperature shift-down. 7) Furthermore, Obata et al. could elucidate the appearance of some ice-nucleating bacteria of Antarctic origin which have unique ice-nucleating activity. 8) At least two cryoprotective properties were necessary for survival at freezing temperatures. Theˆrst one is to have cryotolerance at subzero temperatures by producing some materials that adapt to stabilize their humor at cold temperatures.
9) The other is to cause antifreezing of the humor or intracellular ‰uid by producing anti-nucleating materials 10) or antifreeze proteins, 11) which act to prevent ice nuclei or immature ice crystals, thereby inhibiting H2O molecules attaching to the ice crystals. It has been reported that EMG-12 prevented the function of ice nuclei 12) and that Sea Raven could produce some AFP and AFGP in their body serum to avoid freezing. 13, 14) All of the AFPs and AFGP could act only to lower the freezing point of water but not the melting point.
15) The antifreeze activity of AFP was deˆned by the diŠerence between the melting and freezing temperatures. This is called thermal hysteresis. This thermal hysteresis is caused by noncorigative adoption to ice crystal surface. AF(G)P has been identiˆed in polarˆsh, insects, plants, fungi and bacteria. [16] [17] [18] [19] [20] In bacteria, when Pseudomonas putida GR12-2 (plant growth promoting rhizobacterium) was grown at 59 C, 11) this strain secreted an AFP with icenucleating activity, which was a lipoglycoprotein with a molecular mass of 164 kDa. 11) However, there is little known about AFP from bacteria, especially from Antarctic bacteria.
In this study, we report the appearance of AFPproducing bacteria of Antarctic origin. We describe the isolation and characterization of a novel type of antifreeze protein from an Antarctic bacterium. We have identiˆed that the AFP-producing bacterium isolated in this study as a strain of a Moraxella. sp. Further, we indicate that the AFP from this strain is an antifreeze lipoprotein having a molecular mass of 52-kDa, and the N-terminal amino acid sequence of this AFP has high sequence similarity with the outer membrane protein CD precursor from one strain of the same genus.
21)

Materials and Methods
Isolation and identiˆcation of AFP-producing bacteria. One hundred thirty strains of Antarctic bacteria previously isolated from Antarctica were collected by Dr. G. Matsumoto (Ohtsuma Woman's University, Tokyo). Each strain was aerobically grown on Trypticase Soy Broth medium (TSB; Becton Dickinson) (pH 7.0). A loopful of cells grown on stock culture (TS solid medium; TS medium containing 1.5z agar) was inoculated into 10 ml of this medium. The cultures were incubated at 59 C for 3 to 5 days with shaking at 120 rpm. Cells in the culture were removed by centrifuging at 15,000×g for 15 min. The supernatants were concentrated with polyethylene glycol 20,000 (Wako Pure Chemical Industries, Ltd.) in the dialysis membrane (M.W. 10,000; Wako Pure Chemical Industries, Ltd.) and then measured for the antifreeze activity. The physiological and biochemical characteristics of isolated bacterium was analyzed by the methods described in the taxonomic study of the genus Moraxella.
22-24)
Thermal hysteresis and morphology of ice crystals (Antifreeze activity). The antifreeze activity of these samples was assayed by the methods of Meyer et al.
25)
The assay is based on the characteristic modiˆcation of ice crystal morphology in the presence of antifreeze proteins. One microliter of the protein sample was applied to the center of a temperaturecontrolled freezing stage (LK-600PM, Linkham Scientiˆc Instruments, UK) on a circular glass cover. The freezing stage wasˆtted onto the stage of a phase contrast light microscope and was connected to a pressured air supply that was cooled by liquid N2.
The stage temperature was controlled by a programming unit (LK-600PM, Linkham Scientiˆc Instruments, UK). After sample application, the stage was heated to 209 C and then cooled to "409 C at a rate of 1009 C W min. The freezing stage was then heated at the same rate to 59 C. The temperature was subsequently increased at 59 C W min to a temperature at which controlled thawing took place. Thawing was allowed to proceed until a single ice crystal was generated. Subsequently, the temperature was lowered at a rate of 19 C W min until slow ice crystal growth could be observed. The temperature was then increased until the ice crystal was slowly melted and the time from heating to observing melting of the ice crystal was measured. The one sixtieth of the time was deˆned as thermal hysteresis. Under these conditions, in the same manner as AFPs from someˆshes, high levels of AFP activity were indicated by the multi-facetted or bipyramidal shape of the ice crystal, but low levels of AFP activity were indicated by a ‰at, hexagonal shape of the forming ice crystal. 13) In the absence of AFP activity, ice crystals grew as spherical discs.
Measurement of ice-nucleating activity. The icenucleating activity was measured using the method described by Vali 26) with a freezing nucleus spectrometer (thermoelectric plate, Mitsuwari model K-1). The ice-nucleating activity temperatures required to freeze 10z (T10), 50z (T50), or 90z (T90) of the drops were measured.
Puriˆcation and identiˆcation of antifreeze protein. Following growth, the culture was centrifuged at 27,700×g for 20 min at 49 C to remove the cells. The supernatant was concentrated by ultraˆltration with a ‰ep cell (nominal M.W. cutoŠ of 3,000; Asahikasei Co., Japan) to a volume of 100 ml. The concentrated supernatant was brought to 60z saturation with ammonium sulfate, mixed for 30 min at 49 C, and then centrifuged at 27,700×g for 15 min at 49 C. The precipitate was dissolved in 10 ml of distilled water. The ammonium sulfate was removed in 12 h with three changes of 3 L each of distilled water.
For isolation of individual proteins, partially puried antifreeze protein samples were separated by preparative SDS-PAGE (8×10×0.15 cm) according to the method of Laemmli.
27) About 1 mg of protein in 1 ml of distilled water was mixed with 1 ml of sample buŠer (0.125 M Tris-HCl, pH 6.8, 20z glycerol, 4z SDS, and 0.001z bromophenol blue) and heated at 379 C for 15 min. 11) Proteins were run on a 10z separating gel cast with a 4z stacking gel. Electrophoresis was done at a constant current of 40 mA for about 100 min. Following preparative SDS-PAGE, the gel was rinsed brie‰y with ice-cold distilled water and then soaked in ice-cold 0.25 M KCl with constant shaking. After about 10 min, the gel was destained in ice-cold distilled water until bands were observed. Subsequently, these bands were excised and rinsed with distilled water. Each protein was then isolated by electro-elution using an electro eluter Model 422 (Bio-Rad Co.). This apparatus was placed in a standard horizontal electrophoresis unit, and the gel slices were put in the elution chamber, which was then partiallyˆlled with elution buŠer (25 mM Tris, 192 mM glycine, 0.1z SDS, pH 8.3). The electro-elution was run at 60 mA for 60 min. After electro-elution, the solution in the trap was collected, and 4 volumes of acetone were added to precipitate the protein. The protein pellets were suspended in 100 ml of distilled water and tested for antifreeze activity. To checking the activity, the active band was used as the puriˆed antifreeze protein. Each broth of a culture grown at 59 C in TSB medium (pH 7.0) was prepared at each stationary phase. After each supernatant was prepared by centrifugation, the thermal hysteresis (TH) and the observation of ice crystal form from these samples that were prepared at a concentration of 100 mg W ml protein were measured. Carbohydrate and lipid staining.
11) Following SDS-PAGE, the gel was soaked in 7.5z acetic acid for at least an hour at room temperature before it was transferred to 0.2z aqueous periodic acid and left at 49 C for 45 min. The gel slab was then placed in SchiŠ's reagent (Wako Pure Chemical Industries, Ltd.) and refrigerated for 45 min. To stop the reaction, the SchiŠ's reagent was decanted, and the gel was washed in 10z acetic acid two or three times. Nile blue A (Sigma co.), 0.25 g, was dissolved in 100 ml distilled water before 1 ml of H2SO4 was added.
Protein concentration. The protein concentration was measured by the method of Bradford 28) using bovin serum albumin as a standard.
Amino acid composition and sequence analysis.
29)
After it was put SDS-PAGE, the puriˆed AFP was transferred onto a polyvinylidene di‰uoride (PVDF) membrane using a electro-transfer unit (Sultblott IIs) at a constant current of 60 mA for 60 min. The PVDF membrane was stained with 0.025z Coomassie brilliant blue R-250 in 40z methanol and destained with 50z methanol, and the AFP was excised for amino acid composition and N-terminal amino acid sequence by the method of Xiao et al.
4)
The amino acid composition was identiˆed by an Amino Acid Analyzer (L-8500, Hitachi Co.) and the N-terminal amino sequence was analyzed by a Peptide Sequencer (Model 492, Applied Biosystems Japan Co.).
Electron microscopy. The cells wereˆxed for 20 min in 2.5z glutaraldehyde in 0.1 M potassium phosphate buŠer (pH 7.0). Afterˆxation, the cells were stained with 2z sodium phosphotungstate for 10 min. The stained specimen was observed using a TEM 1210 electron microscope at 80 kV.
Results
Screening and identiˆcation of AFP-producing bacterium
Among 130 strains of Antarctic bacteria, 21 strains could grow at 59 C and enter stationary phase in 64 h, and 23 strains could enter the same phase at 138 h. After checking the antifreeze activity in the concentrated supernatant (100 mg W ml), we couldˆnd 6 strains capable of producing AFP at a high level ( Table 1) . As shown in Table 1 , among 6 strains, a new AFP-producing bacterium strain No. 82, which was isolated from the sand of Ross Island in the McMurdo Dry Valley region, had the highest antifreeze activity indicating thermal hysteresis at 0.1049 C. However, this ice crystal was hexagonal in shape indicating a moderately low level of antifreeze activity from someˆsh plasmas. The microbiological and physiological characteristics of strain No. 82 are given in Table 2 . Also, Fig. 1 shows a transmission electron micrograph of a strain No. 82 cell of Antarctic origin. The species of the genus Moraxella are Gram-negative, aerobic, oxidase-positive, non acidproducing from carbohydrates, and were rods or cocci. The rods are often very short and plump. The 82. Strain No. 82 was grown at 59 C in TS medium (pH 7.0). Thermal hysteresis (A) and the observation of ice crystal form (B) were done by the methods as described in Materials and Methods. Symbols; : A 660 , : Thermal hysteresis (9 C), : Protein concentration ( mg W ml).
strain No. 82 was Gram-negative, rod-shaped (1.2 by 1.5 mm), aerobic, non-motile, catalase and oxidasepositive, nitrate reduction-negative, H 2 S productionnegative, and showed non-fermentation of glucose. Based on these results, strain No. 82 was found to be a bacterium belonging to the genus Moraxella. Judging from the use of the carbon sources by strain No. 82, the species was not determined. Then this strain has been named M. sp. No. 82.
Culture conditions and antifreeze activity of strain No. 82
The optimum culture conditions for strain No. 82 to produce antifreeze protein were at 59 C with 120 rpm shaking in TSB for 72 h (Fig. 2) . The cell growth occurred over the pH range of 4 to 9, and the growth and the antifreeze activity were maximal at pH 7.0. Strain No. 82 has a temperature range for growth of 59 C to 309 C and an optimum temperature of 189 C. The antifreeze activity produced by this strain was maximal at 59 C. This result corresponded to the optimum temperature of AFP production by P. putida GR12-2.
Next, we examined the relationship between the growth curve and the antifreeze activity (Fig. 2) . Strain No. 82 has a generation time of 5 h at 59 C. There wasˆrst a 24-h log phase, followed by an exponential growth phase. After 96 h of culture, the cells reached the stationary phase. The thermal hysteresis of the culture after the mid-log phase was conrmed. The culture broth after 71 h of culture could form a sharp hexagonal ice crystal. Strain No. 82 showed the production of extracellular protein after its stationary phase, so that the antifreeze activity of this strain was greatly diminished. We concluded that strain No. 82 must be cultured in TS medium (pH 7.0) at 59 C for 72 h to produce AFP in the culture broth.
Puriˆcation of AFP from strain No. 82
After 72 h of incubation at 59 C with TS medium, the culture was centrifuged at 5,000×g for 30 min at 49 C to remove the cells. The supernatant (3 liters) was recentrifuged at 27,700×g and concentrated by ultraˆltration with a ‰ep cell to a volume of about 100 ml (total protein, 29.2 mg). The concentrated supernatant was brought to 60z saturation with ammonium sulfate, mixed for 30 min at 49 C, and then centrifuged at 27,700×g for 15 min at 49 C. The protein precipitate was dissolved in 10 ml of distilled water and dialyzed overnight against distilled water several times. The dialysate solution was used as a crude AFP solution (total protein, 8.2 mg). Thermal hysteresis of crude AFP at the concentration of 100 mg W ml was indicated to 0.1719 C, and the ice crystal was hexagonal in shape.
Next, each polypeptide in the crude AFP solution (1 mg) was isolated using preparative SDS-PAGE. As shown in Fig. 3 , four peptides were identiˆed and extracted from the gel, and their activities were measured. Only the 52-kDa peptide had a high level of antifreeze activity, indicating 0.1499 C of thermal hysteresis (Fig. 3) . We found that the molecular mass of this AFP was diŠerent from that of AFP from P. putida GR12-2 (164-kDa). Furthermore, this 52-kDa AFP was negative for carbohydrate staining using SchiŠ's reagent, but it was positive for lipid staining using Nile blue reagent (Fig. 3) . This result indicated that this AFP from strain No. 82 may be a lipoprotein.
Characteristics of AFP from strain No. 82
The eŠects of this AFP concentration on the an- After partially puriˆed protein was electrophoresed on 10z SDS-PAGE, this gel was stained with CBB-R-250 (Lane 2) and Nile Blue A (Lane 3) stains. Each protein band was extracted from the gel after each protein was precipitated by acetone solution. Thermal hysteresis (TH) and the observation of ice crystals each sample (100 mg W ml) were measured by the method described in Materials and Methods. Standard proteins (Lane 1).
Fig. 4. EŠects of Protein Concentration on Thermal Hysteresis
and Ice Crystal Form. Antifreeze activity of partially puriˆed AFP was measured at various concentration (20, 50, 100, 250, 500, 750, 1000, 1250, and 1500 mg W ml). Thermal hysteresis and the observation of ice crystal form were done by the methods described in Materials and Methods. tifreeze activity was evaluated using crude AFP solution, as shown in Fig. 4 . The activity increased in proportion to the concentration up to 1.0 mg W ml. However, at the concentration of 1.0 mg W ml or above, the thermal hysteresis was constant at 0.1919 C. This phenomenon was the same as those of AFPs from other organisms. This AFP still had 80z antifreeze activity at 1009 C, and the morphology of ice crystal in the presence of AFP after heating at 1009 C for 60 min was hexagonal in shape (Fig. 5) . Based on the result of the staining test in SDS-PAGE, the eŠects of the treatments with proteinase K and lipase on the activity were examined (Fig. 6 ). The treatments with both enzymes could signiˆcantly inhibit the AFP activity by formation of a circular crystal. This result could conˆrm that this AFP from strain No. 82 was a lipoprotein.
Structure of AFP from strain No. 82
The amino acid composition of the puriˆed AFP is shown in Table 3 . Asx, Glx and Gly were abundant in this AFP molecule, and the total molar ratio (z) of these amino acids was 36.4z. Theˆrst 20 amino acids at the N-terminus of this AFP were identiˆed (Fig. 7) . We found that the sequence had 84.2z identity with the N-terminal sequence of the precursor of protein CD from M. catarrharis by BLAST computer comparison. Judging from both sources of data, we could ascertain that this AFP was distinct from the AFP from P. putida GR12-2.
Discussion
There are several possible strategies used by various organisms to survive cold. 30) Aˆrst one is to avoid freezing by lowering the supercooling or ice nucleating temperature.
9) The second strategy is to control the freezing temperature and the shape of the ice crystals that form. The third strategy that an organism can use to survive freezing temperatures is to become freezing-tolerant. Theˆrst and second strategies are responsible for the protection of cell mem- branes against injury by extracellular ice. The third strategy protects cytoplasmic components e.g., by the synthesis of cryoprotectant compounds in yeast. 31) In this case, cytoplasmic enzymes need to adapt to cold conditions. There have been many studies on the cold adaptations of psychrophilic enzymes from various bacteria 32) on the properties of cold-adapted enzymes from Antarctic bacteria. 34) An AFP capable of inhibiting ice formation by suppressing the growth of ice nuclei might be required for the freezing resistance and cold adaptation of the cell. It was shown that the e‹cacy of AFP in the cold protection of mammalian cells not only depended on the protein structure but also on the lipid composition of the cell membrane. 35) Furthermore, Tomczak et al. has reported that the smallest fraction of AFGP oŠered a limited degree of protection during freezing and did not induce membrane fusion at concentrations up to 10 mg W ml. 36) These results suggested that AFP or AFGP could maintain the membrane integrity of cold-sensitive membrane cells when exposed to hypothermic temperature. Thus, we examined the appearance of AFP-producing bacteria from a liquid sample of Antarctic origin ( Table 1 ). The habitation percentage of AFP-producing bacteria was lower than that of ice-nucleating bacteria from Antarctica (13z). An AFP-producing bacterium was identiˆed as psychrotrophic M. sp. based on its taxonomical characteristics (Table 1) . Although some strains be- longed to the genus M. sp. from Antarctica have been reported, and its lipase has been studied in detail, 37, 38) no reports have appeared concerning the antifreeze protein from M. sp. By extraction from the SDS-PAGE gel (Fig. 3) , the molecular mass of the AFP from strain No. 82 was found to be 52-kDa; this AFP was a monomeric protein by gelˆltration analysis (data not shown). Furthermore, the results of both Fig. 3 and 6 suggest that this AFP is a lipoprotein, which is diŠerent from a lipoglycoprotein (164 kDa) from P. putida GR12-2.
11) We assumed that AFP from strain No. 82 had no icenucleating activity due to the diŠerence in their structure. AFPs found in the plasma of someˆshes can form bipyramidal or needle-like crystals at high concentrations. 15) Although the thermal hysteresis of AFP from strain No. 82 was higher than those ofˆsh AFPs at the same concentration, this AFP could form a hexagonal ice crystal at a concentration of 1 mg W ml (Fig. 4) . This result suggests that this AFP may adsorb on the surface of ice crystals by a binding mode that was diŠerent from those of other AFPS.
Insect AFPs were much more eŠective thanˆsh AFPs at high levels of thermal hysteresis due to icegrowth inhibition, thereby forming hexagonal ice crystals caused by the unique binding mode. 39, 40) Also, the high thermal stability of this AFP assigned with the properties of other AFPs in their common characteristics (Fig. 5) . The amino acid composition of the AFP from strain No. 82 was diŠerent from that from strain GR12-2 (Table 3) . It should be noted that the known bacterial ice-nucleation proteins are highly similar. Also, the N-terminal amino acid sequence of this AFP had no similarity with that of AFP from GR12-2, but it had a high similarity with that of the outer membrane protein CD precursor from M. (Branhamella) catarrhalis. 41) This outer membrane protein CD of M. catarrhalis was one of the epitopes on the surface of the intact bacterium and showed high similarity with the OprF of P. spicies. 42) Although this outer membrane protein had a heat-modiˆable property, no studies of the induction of this protein by low temperature have been reported to date. Judging from the relationship of the growth and the AFP production (Fig. 2) , we could conˆrm that this AFP could be induced by low temperature like the induction of cold shock protein. This property may be correlated with its origin.
In this study, we found onˆnd an AFP-producing bacterium from Antarctica. However, further studies are contemplated to indicate the detailed structure of the AFP from M. sp. strain No. 82. Further, the characterizations and puriˆcation of AFPs from other Antarctic bacteria are being done.
